Purpose Blastocysts contain a large amount of fluid in the blastocoel, which may pose a risk for ice crystal formation during vitrification. This study aimed to evaluate the effectiveness of laser-induced artificial shrinkage of blastocoel before vitrification on clinical outcome. Methods Patients were divided into two groups: a control group with untreated, expanded blastocysts (n = 115) and a study group with blastocoel artificially eliminated by a laser pulse prior to vitrification (n = 309). Blastocyst survival, clinical pregnancy, and implantation rates were compared. Result(s) The survival rate was significantly higher in the study group compared with the control group (97.3 and 74.9 %, respectively; p > 0.01). The clinical pregnancy and implantation rates of the study group were significantly higher (p < 0.01) than that of the control group (clinical pregnancy, 67.2 vs. 41.1 %; implantation, 39.1 vs. 24.5 %. Conclusion(s) This study demonstrated that the removal of blastocoel fluid before vitrification by laser pulse of in vitroproduced human blastocysts significantly improves blastocyst survival, clinical pregnancy, and implantation rates.
Introduction
The first successful pregnancy obtained from frozen-thawed embryo transfer was reported by Trounson and Mohr in 1983 [1] . A year later, the first child was born after embryo freezing [2] . Since then, embryo cryopreservation has become a clinically established standard procedure in assisted reproductive technology (ART) [3] .
Nowadays, approximately 31 % of embryo transfers utilize cryopreserved/warmed transfer cycles [4] , and about 8 % of all ART babies are born from cryopreserved embryos [5] . Cryopreservation of human embryos has been employed in assisted human reproduction [3] using three primary methods: slow freezing, ultra rapid freezing, and vitrification [6] . Vitrification has many advantages over slow freezing and ultra-rapid freezing, including the total elimination of ice crystals [7] , shorter exposure time to cryoprotectant agents, reduced chilling injuries, and cost-effectiveness [8] . Vitrification is also [3, 6] associated with a significantly lower cellular trauma [9] and higher post-warming survival, pregnancy, and implantation rates than with other cryopreservation techniques [10] .
Many factors can influence the results of vitrification [11] , including technical and e mb ry onic parameters. Cryopreservation at different stages of embryonic development has contributed to variability in clinical outcome [12] [13] [14] [15] . Zygotes [16] [17] [18] [19] , cleavage stage embryos [20, 21] , and blastocysts [22] [23] [24] have been successfully vitrified, but superior pregnancy rate has been observed with blastocysts, possibly due to their size or multicellular structure [25] . However, expanded blastocysts with a large amount of fluid in the blastocoel have been shown to have lower survival rates than less mature blastocysts or morula-stage embryos [26] . The blastocoelic fluid may cause inadequate vitrification, less permeability to cryoprotectants, ice crystal formation, and Capsule This study demonstrated that the removal of blastocoel fluid before vitrification by laser pulse of in vitro-produced human blastocysts significantly improves blastocyst survival, clinical pregnancy, and implantation rates.
cryodamage [26] [27] [28] . The volume of the blastocoel prior to vitrification negatively affects the outcome measures, [29] specifically re-expansion, cell proliferation, and DNA integrity [30] . To overcome this problem, pre-vitrification artificial shrinkage (AS) of the blastocyst to reduce the fluid volume in the blastocoelic cavity is performed with a micro-needle [26, 31] , laser-pulse [27] , repeated micropipetting with a handdrawn Pasteur pipette [32] , or microsuction of the blastocoelic contents [29, 33] .
This study evaluated the survival rate and clinical outcome of vitrified blastocysts when AS of the blastocoel was applied prior to vitrification using a laser pulse.
Materials and methods

Patients
This retrospective study was conducted from June 2012 to May 2015 at a specialized fertility and gynecology center. The study was approved by the Institutional Review Board (IRB) of the center.
Four hundred and twenty-four vitrification-warm cycles were evaluated, and only patients with blastocysts vitrified on day 5 and subsequently warmed for transfer were included. All vitrified blastocysts were left over after a fresh transfer cycles, Bfreeze all^cycles were excluded. Patients were divided into two groups: a control group with untreated, expanded blastocysts (n = 115) and a study group with blastocoeles artificially collapsed by a laser pulse prior to vitrification (n = 309). Survival rate (percentage of surviving embryos among all frozen/thawed embryos), clinical pregnancy rate (percentage of clinical pregnancies, pregnancies identified by fetal cardiac activity on ultrasound examination 4 weeks after embryo transfer, and the number of patients undergoing embryo transfer), and implantation rate (the number of intrauterine gestational sacs over the total number of embryos transferred) were compared between the two groups.
Stimulation protocol for ICSI
Ovaries were stimulated by a gonadotropin-releasing hormone (Lucrin®, Abbott, France) in the mid-luteal phase of the previous cycle. The administration of recombinant follicle-stimulating hormone (FSH; Gonal-F®, Serono, Switzerland) started on day 3 of the cycle, accompanied by human menopausal gonadotropin (hMG; Menogon®, Ferring Pharmaceuticals, Wittland, Germany) according to the follicle size and hormonal levels. Ovulation was induced by injection of 250 μg/0.5 mL of recombinant human chorionic gonadotropin (rhCG; Ovitrelle®, Serono, Switzerland).
Embryo culture and grading of blastocysts
Oocyte retrieval was performed 36 h after rhCG administration and oocytes were inseminated by intracytoplasmic sperm injection (ICSI). Fertilization was assessed 15-18 h after insemination by the presence of two pronuclei. At 46-48 h postinjection, cleaved embryos were graded and transferred to blastocyst culture media (Multiblast Medium®, Irvine Scientific®, USA). After day 5 of embryo transfer, all of the patient's remaining blastocysts were vitrified. Blastocyst freeze criteria included AA, AB, and BA embryos that reached stage 3 or 4 on day 5 of culture according to the Gardner and Schoolcraft grading system [34] . Only day 5, blastocysts were included in this study, and all day 6 blastocysts were excluded.
AS of expanded blastocysts
Laser pulse shrinkage of expanded blastocysts was done using Mukaida's method [27] . Using an OCTAX 1.48 μM laser (MTG, Germany), a single laser pulse (300 μs) created an opening in the zona pellucida at the cellular junction of the trophectoderm cells located far away from the inner cell mass (ICM). After 5-8 min, the blastocoel completed shrinkage and the collapsed blastocyst was immediately vitrified and stored in a liquid nitrogen (LN 2 ) tank at −196°C.
Vitrification procedure
Vitrification was performed with a Vitrification Freeze Kit (Vit Kit®-Freeze, Irvine Scientific, USA) according to the manufacturer's instructions.
Two to three blastocysts were placed into a 50 μL drop of equilibration solution (ES) for 6-10 min at room temperature, and then were transferred into a 50 μL drop of vitrification solution (VS) for 30 s before loading. The blastocysts were loaded onto a McGill Cryoleaf™ (Origio, Denmark) with a minimal volume of VS and immediately plunged into LN 2 . The Cryoleaf was then placed into the LN 2 tank for long-term storage.
Warming procedure
Warming was performed with the Vitrification Thaw Kit (Vit Kit®-Thaw, Irvine Scientific, USA) according to the manufacturer's instructions. The Cryoleaf contents were dispensed in a 50 μL warmed thawing solution (TS) drop at 37°C for 1 min. Then the blastocysts were transferred to a 50 μL dilution solution (DS) drop for 4 min, and finally, blastocysts were washed in two drops of washing solution (WS) for 4 min each.
Culture and transfer of post-warm blastocysts
Blastocysts were transferred to a pre-equilibrated culture dish containing microdrops of MultiBlast Medium supplemented with 20 % (v/v) Serum Substitute Solution (SSS™, Irvine Scientific, USA). Embryo transfer was performed 30-60 min after warming using an embryo transfer catheter (Labotect, Göttingen, Germany) under ultrasound guidance.
Statistics
The data were tabulated and analyzed using the computer program SPSS (Statistical package for social science) version 16. The statistical comparison between the two groups was tested using the student's t test. A p value of <0.05 was considered statistically significant.
Results
A total of 424 vitrification-warm cycles, containing 1110 human blastocysts, were performed in this investigation. AS of 663 blastocysts from 309 vitrification-warm cycles by laser pulse prior to vitrification was compared to 447 untreated control blastocysts from 115 vitrification-warm cycles. Table 1 summarizes the patient demographic characteristics, the survival rate, and the clinical outcomes of vitrified human blastocysts with AS (study group) and vitrified human blastocysts without AS (control group). No statistically significant differences were found in the demographic data between the two groups, including age, BMI, and number of previous ICSI attempts (p > 0.05). The post-warming survival rate of embryos in the study group was significantly higher compared to the control group (p < 0.01).
The mean number of blastocysts transferred was similar between the two groups (study group 2.07 ± 0.84; control group 2.09 ± 0.78). Figure 1 shows the clinical outcome of vitrified blastocysts transferred in the study. The clinical pregnancy rate of vitrified-warmed blastocysts in the study group (67.2 %) was significantly higher than the control group (39.1 %; p < 0.01). Also, the implantation rate of the study group (41.1 %) was statistically higher than the control group (24.5 %, p < 0.01).
Discussion
Laser technology is a simple, efficient, and precise cellular microsurgery [35, 36] tool that has been used in ART in recent years. In this study, a short duration laser pulse was directed once at the junction between the two trophectoderm cells in a region away from the ICM to reduce the blastocoelic fluid before vitrification. During laser pulsing, the laser beam generates a heat effect [37, 38] when it hits the trophectoderm and may cause local damage and direct injury [39] . However, this damage may be less than the damage from not using AS. Desai et al. [30] showed that blastocysts vitrified without AS had significantly more damage (13 % dead cells) compared to blastocysts with AS (5 % dead cells); this may be due to insufficient dehydration of the blastocoelic cavity and a slower rate of recovery/re-expansion of non-collapsed control blastocysts. This is in agreement with several studies with encouraging data showing significant improvements in embryo survival, pregnancy, and implantation rates after applying several AS methods prior to vitrification [26, [31] [32] [33] .
Only a few studies have been reported focusing on the laser pulse method of AS to date. Mukaida et al. [27] reported significant improvement in survival rate and pregnancy rates in 40 blastocysts collapsed by laser pulse prior to vitrification compared to a retrospective control group; additionally, the delivery of healthy babies confirmed the safety of the procedures. Data collected by Iwayama et al. [40] after vitrification found a significant increase in implantation rate from 34.2 to 59.7 % following AS treatment by laser pulse. Cao et al. [39] found that survival rates and pregnancy rates of 208 blastocysts subjected to laser pulse AS pre-vitrification were improved, and that the laser pulse group was associated with a significantly higher hatching rate and lower premature birth rate compared with the 29-gauge needle AS group.
Our data from 424 vitrification-warm cycles showed that the survival rate and the clinical outcome measures were significantly higher in the study group compared to the control group, confirming minimal deleterious effect of blastocyst vitrification combined with laser pulse AS. Our data also confirms that the high survival rate following warming (97.28 %) following previtrification AS by laser pulse of expanded blastocysts did not adversely affect the vitality of human embryos. The high pregnancy rate and high implantation capacity of survived embryos proved that there was no impact from trophectoderm cell damage caused by laser pulse prior to vitrification. In agreement with the previous studies, this study showed that blastocoelic fluid reduction prior vitrification could enhance the efficacy of vitrification. Our findings also provide further support for the ease and safety of laser pulse AS.
In conclusion, this study provides evidence that vitrification of artificially collapsed blastocyst by laser pulse is safe, effective, and more efficient than vitrification of noncollapsed blastocyst in terms of survival, clinical pregnancy, and implantation rates. However, the confirmation of these findings requires further prospective studies to adequately judge the efficiency of AS as a routine protocol prior vitrification.
